Citrus canker, caused by the bacterial pathogen Xanthomonas citri ssp. citri (Xcc), has been attributed to millions of dollars in loss or damage to commercial citrus crops in subtropical production areas of the world. Since identification of resistant plants is one of the most effective methods of disease management, the ability to screen for resistant seedlings plays a key role in the production of a long-term solution to canker. Here, an inverse correlation between reactive oxygen species (ROS) production by the plant and the ability of Xcc to grow and form lesions on infected plants is reported. Based on this information, a novel screening method that can rapidly identify citrus seedlings that are less susceptible to early infection by Xcc was devised by measuring ROS accumulation triggered by a 22-amino acid sequence of the conserved N-terminal part of flagellin (flg22) from X. citri ssp. citri (Xcc-flg22). In addition to limiting disease symptoms, ROS production was also correlated with the expression of basal defense-related genes such as the pattern recognition receptors LRR8 and FLS2, the leucine-rich repeat receptor-like protein RLP12, and the defense-related gene PR1, indicating an important role for pathogen-associated molecular pattern-triggered immunity (PTI) in determining resistance to citrus canker. Moreover, the differential expression patterns observed amongst the citrus seedlings demonstrated the existence of genetic variations in the PTI response among citrus species/varieties.
INTRODUCTION
Asiatic citrus canker (ACC) is caused by the gram-negative bacterial pathogen Xanthomonas citri ssp. citri (Xcc) (reclassified from 'A' pathotype Xanthomonas axonopodis pv. citri), which is not only the most virulent bacteria that cause citrus canker but also the one with the widest host range. 1, 2 For most citrus species, ACC is a devastating disease, resulting in extensive damage to commercial citrus cultivars in subtropical production areas of the world. 3 It is one of Florida's most notorious plant diseases because of the impact of citrus on the state's economy. 4 Although several eradication efforts have been attempted in Florida, the disease is still present today. 5 Even with an estimated US$12 million per year spent on control methods, the disease continues to spread. 6 Citrus canker symptoms are initially seen as small lesions on the leaf that expand over time, eventually becoming erumpent. As the disease progresses, necrotic lesions surrounded by oily, watersoaked margins, and yellow chlorotic rings appear on the fruits, leaves, and young stems. The bacteria remain alive in the margins of the lesions on the leaves and fruits until they fall 4 with older lesions taking on a crater-like appearance. 7 The bacterium multiplies to a high level in the lesions, which then disperses to new growth and other plants when free moisture is present. [8] [9] [10] Rain and wind increase its dispersal, 11 while extreme weather conditions such as hurricanes and tropical storms are associated with longdistance dissemination and a local increase the level of disease. 12 Insect feeding can also lead to significant field infections. It has been noted that the Asiatic citrus leafminer (Phyllocnists citrella) damages citrus not only by feeding on new leaf growth but also by greatly exacerbating the severity of citrus canker. 13, 14 The canker bacterium enters the host through stomata or wounds 15 where it colonizes the mesophyll parenchyma and multiplies in the apoplast. Virulence factors encoded by the bacterium aid in its survival within a host. For example, flagellar-dependent motility in Xcc has been deemed necessary for proper development of a mature biofilm structure, which directly correlates with X. citri pv. citri pathogenicity. 16, 17 The Xcc pathogen has evolved virulence factors in addition to biofilm formation, which can modulate the plant's basal defense response and promote infection. [18] [19] [20] These include secretion systems (including: type III secretion system genes), cell-wall degrading enzymes, effectors, toxins, and bacterial adhesins. 21 Survival of the plant, on the other hand, relies upon the development of an immune response to counter the attack of the microbial pathogens through a combination of diverse molecular mechanisms. 22 Upon attack, the plant can trigger several categories of defense mechanisms involved in disease resistance. 23 The first pathway, pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI), is a basal defense response prompted by the recognition of PAMPs, like flagellin and elongation factor Tu (EF-Tu), which through a set of specialized plant extracellular receptor kinase proteins can stop and prevent further colonization.
Identification and utilization of host resistance are probably the most effective way to manage various crop and fruit diseases, including ACC, but, unfortunately, no true resistance to citrus canker has yet been identified. Since most of the commercially grown citrus types are susceptible to canker, 7, 30, 31 current control measures for ACC worldwide are aimed at reducing inoculum levels, which consist of copper-based bactericidal sprays to protect the expanding foliar and fruit surfaces from infection or eradication of infected trees upon detection. 7 However, newer approaches ranging from conventional breeding methods to production of transgenic plants are being utilized in an effort to produce plants resistant to ACC. [32] [33] [34] [35] [36] [37] Plants suspected to provide resistance must then be screened for their susceptibility to ACC. Various methods have been described for susceptibility testing including traditional inoculation studies, leaf-mesophyll susceptibility, 31 a leaf enrichment test, 38 and pathogen detection via qPCR. 39 Several pitfalls are associated with the use of these methods including the fact that the success of whole plant sprays can be dependent upon leaf age at the time of inoculation, the need to propagate the plants in order to produce replicates for testing, and the growth/ utilization of a regulated pathogen for such testing methods. This paper reports a rapid screening method with the ability to identify citrus seedlings that are less susceptible to early infection by Xcc based on early ROS accumulation triggered by a conserved 22-amino acid sequence of the flagellin (flg22) from X. citri pv. citri (Xcc-flg22). Here, ROS production is correlated to the expression of defense-related genes and the limitation of disease symptoms amongst seedling, indicating a role for PTI in resistance to canker and the existence of genetic variations within that response among citrus species/varieties.
MATERIALS AND METHODS

Citrus seedlings
The seedlings of grapefruit (C. paradise 'Duncan', mandarin (C. reticulate 'Cleo'), sweet orange (C. sinensis 'Valencia'), sour orange (C. aurantium 'Karun Jamir'), and pomelo (C. maxima 'Thong Dee') were grown in the screened US Horticultural Research Laboratory greenhouse in Fort Pierce, FL, USA from the seeds with the exception of the Citrus 3 Poncirus trifoliate US-802, which was obtained from Phillip Rucks Citrus Nursery in Frostproof, FL, USA. All the seeds were collected from the citrus collection located at Pico farm, USDA, Fort Pierce, FL, USA, using a routine horticultural practice.
Oxidative burst measurements
A peptide corresponding to the flg22 of Xcc was ordered from GenScript (Piscataway, NJ, USA) with .90% purity using the amino sequence QRLSSGLRINSAKDDAAGLAIS. The peptide was resuspended in sterile water and used to measure induction of ROS. Six leaf disks from three newly expanded young leaves were punched out with a 4-mm-diameter cork borer. Leaf discs were floated abaxial side up in an individual well of a black 96-well plate with 200 ml of water per well at room temperature overnight and covered with plastic bags. The next day the water was removed, and ROS production was triggered with 200 nM flg22 applied together with 20 mM luminol and 1 mg per 100 mL of horseradish peroxidase. Luminescence was measured by the LUMIstar microplate luminometer (BMG Labtech, Cary, NC, USA). Each plate was measured over a period of 40 min. A total of 32 oneyear-old seedlings from each variety were used. The assay was repeated twice. Controls lacking flg22 were included for each species with the control lane displayed in Figure 1 consisting of a combination of five data points from each of the species tested (30 total data points). Data were analyzed using the Optima microplate reader software (BMG Labtech).
Attached leaf-infiltration and leaf dip inoculations
Xanthomonas citri pv. citri (A strain 3213) 40 cells were pelleted from a 3-mL overnight culture grown in LB liquid medium at 28 6 C with a rotational speed of 220 rpm. The pellet was resuspended in sterile tap water and adjusted to an appropriate concentration (3 3 10 4 cells/mL for macroscopic symptoms examination and 3 3 10 5 cells/mL for gene expression analysis). The bacteria suspension was infiltrated into three whole, attached leaves for each seedling by pressing the opening of a needless syringe onto the abaxial leaf surface supported by one finger. As a control, the same number of leaves were mock-inoculated by infiltrating sterile tap water. Plants were maintained in the greenhouse at 28-30 6 C. Tests for disease symptom severity were repeated three times with photographs taken 20 days post inoculation. Bacterial populations and gene expression profiles were determined using infiltrated leaf samples, as described below, using qPCR and RT-qPCR.
Leaf dip inoculations were performed by growing 5 mL of Xcc in LB overnight as stated above. Cells from the culture were pelleted and resuspended in 1 L of a sterile 0.05% Silwet-L77 solution made with autoclaved tap water. Attached leaves were then dipped into the bacterial suspension. Bags were placed around dipped leaves to keep the humidity level high. Plants were grown under greenhouse conditions for 20 days before being Figure 1 . Xcc-flg22 induced varying levels of ROS production in Citrus seedlings. Flg22-triggered ROS production was measured using luminol as a chemiluminescence probe in the following Citrus seedlings: C. maxima, C. paradisi, C. arantium, C. sinensis, Citrus 3 Poncirus trifoliata, and C. reticulata. Each reaction was monitored for 40 min with the ROS production peak from within the time course shown in CPS. Error bars represent the standard deviation of two independent experiments. The level of ROS was also measured for non-Xcc-flg22-induced samples as a negative control, which is a combination of five seedlings for each species used in the assay. Gray boxes represent one standard deviation of the mean while the black horizontal lines represent the mean.
analyzed for the presence of canker lesions. Undipped leaves, acting as controls, did not contain any canker lesions.
DNA sampling and processing
Samples were collected 4, 8, 12, 16, and 20 days after inoculation from three leaves of each seedling. A 1-cm diameter disc, centered on the infiltrated area of each leaf, was removed using a cork borer. Each leaf disc was transferred into an autoclaved 2-mL Fast Prep tube (MP Bio., Solon, OH, USA) containing two 4-mm silicone-carbide sharp particles and three 2.3 mm chrome-steel beads in 800 mL of extraction buffer (100 mM Tris-Base, 50 mM EDTA, 500 mM NaCl, 2.5% polyvinylpyrrolidone, and 10 mM b-mercaptoethanol). They were homogenized by a Fast PrepH-24 homogenizer (MP Bio.) at the speed of 6.0 for 60 sec and incubated at 65 6 C for 30 min after the addition of 20% SDS. After adding one-third volume of 5 M potassium acetate, the tubes were incubated on ice for 5 min and centrifuged at maximum speed for 5 min to remove plant debris. The supernatants were centrifuged for an additional 10 min at the same speed, and 800 mL of supernatant was transferred to a new 1.5-mL tube containing two-third volume of cold isopropanol. The sample was then placed in a Genesee column (Genesee Scientific, San Diego, CA, USA), centrifuged 1 min at 8000 rpm, and washed twice with 70% ethanol. Samples were eluted with 100 ml nuclease-free water, analyzed by Nanodrop, and then adjusted to the concentration of 50 ng/ml DNA prior to qPCR analyses.
Estimation of bacterial populations of Xcc by qPCR
Three inoculated leaves were sampled in triplicate at 4, 8, 12, 16 , and 20 days after inoculation. Fresh tissues were homogenized for genomic DNA extractions and used for PCR analyses. The presence of the pthA gene was determined using two pairs of gene-specific primers designed for Xcc: VM3 (GCATTTGATGACGCCATGAC) and VM4 (TCCCTGATGCCTGGAGGATA), 41 which were added at 0.5 mM in a 15 mL reaction with 7.5 mL of 23 FAST SYBR Green Master Mix (Life Technologies, Carlsbad, CA, USA) reagent and 2 mL of DNA template. The following standard thermal profile was used for all amplifications: 95 6 C for 20 sec followed by 40 cycles of 95 6 C for 3 sec and 60 6 C for 30 sec. To analyze dissociation curve profiles, the following program was run after the 40 cycles of PCR: 95 6 C for 15 sec followed by a constant increase in temperature between 60 6 C and 95 6 C. Primers targeting the pthA gene were used for quantification of Xcc. 39 Total RNA extraction from sour orange leaves and preparation of cDNA At 12 hours and 24 hours post Xcc infiltration, five leaf discs from three leaves per seedling were cut using a circular 5-mm-diameter cork borer. Samples were quickly frozen in liquid nitrogen and grounded to a powder in autoclaved 2-mL Fast Prep tubes containing glass beads using a Fast PrepH-24 homogenizer (MP Bio.) at speed 6.0 for 30 sec. Total RNA was extracted using the TRIzol Reagent (Invitrogen, Grand Island, NY, USA). Total RNA concentration and purity were determined from the ratio of absorbance readings at 260 and 280 nm, using a Nanodrop 1000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA). The synthesis of cDNA was performed with poly-T primers using the M-MLV reverse transcriptase system (Promega, Madison, WI, USA) according to the manufacturer's instructions.
Real-time quantitative reverse transcriptase (RT)-PCR
The SYBRH Green (Applied Biosystems, Foster City, CA, USA) qPCR assay was used to determine the genes expression in sour orange seedlings after Xcc inoculation. SYBRH real-time PCR amplifications were performed in a Mastercycler ep realplex (Eppendorf, Hauppauge, NY, USA). The reaction mixture contained 7. 
The following standard thermal profile was used for all amplifications: 95 6 C for 20 sec followed by 40 cycles of 95 6 C for 3 sec and then 60 6 C for 30 sec. All assays were performed using three technical replicates and a nontemplate control. To analyze dissociation curve profiles, the following program was run after the 40 cycles of PCR: 95 6 C for 15 sec followed by a constant increase in temperature between 60 6 C and 95 6 C. The following five genes that were identified by RNA-seq 42 were selected for the analysis: PRf (ACAAACACACATCTCCGAAATGA), PRr (TTGAAATGAGCAGCAGCAAAA); LRR8f (TGCACCAGAGCTAGCCTACA), LRR8r (GATGGATATGGAAGCCGAGA); RLP12f (ACGGATTCCTCAACAACTGG), RLP12r (TTGTTGCAGCTTCACCACTC); FLS2f (AGCCCTCCAGGTTCTTGATT), FLS2r (GAGACCAAGCGCTAACAAGG), GSLf (CGAAGAGGCTTTGGCTACAC), and GSLr (TCCTCGACCAGTAGCTCGAT. The UPL7 (ubiquitin protein ligase 7) identified as superior reference gene was selected UPL7f (CAAAGAAGTGCAGCGAGAGA) and UPL7r (TCAGGAACA GCAAAAGCAAG). 43 For the real-time qRT-PCR experiments, the expression levels of the target genes were normalized using the following model. The relative expression ratio (R) of a target gene is calculated through the E and crossing points (CP) deviation of a sample versus a control and expressed in comparison to the reference gene UPL7.
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RESULTS
Production of ROS triggered by Xcc-flg22 varies among seedlings from various citrus species
One of the earliest cellular responses following successful pathogen recognition, known as the oxidative burst, is characterized by a rapid and transient accumulation of ROS. 45, 46 This response can be induced during pathogen invasion or via elicitor treatment such as that triggered by the perception of the flagellin peptide flg22. 47 To trigger ROS production in our seedlings collection, we used the flagellin peptide from X. citri (Xcc-flg22). When leaf discs were incubated with 100 nM of Xcc-flg22, variations in ROS production were observed both among the different species and between the individual seedlings within a particular species (Figure 1) . Typically, the photon counts per second (CPS) for seedlings within a species oscillated around an average specific for that particular species, which ranged from 101 to 509 depending upon the species.
Seedling with high ROS production affects Xcc growth and canker lesions Typically, the level of ROS produced in response to Xcc-flg22 measured via CPS in the sour orange seedlings ranged between 50 and 300; however, a small group of seedlings showed a CPS above 400 whereas another showed a CPS below 50. To determine if the results of the ROS assay correlated with disease suppression, we used the standard deviation of the mean to identify several plants as having high ROS production (SO53, SO56, and SO57) and low ROS production (SO39, SO63, and SO66; Figure 2a ) and inoculated their leaves with the Xcc pathogen using both a leaf-infiltration method (Figure 2b ) and a leaf dip inoculation (Figure 2c ). Autoclaved tap water was used as a control in these experiments. A close correlation between the magnitude of the lesions and the number of lesions was observed. By 20 days post Xcc inoculation, lesions on the leaf surface were both more numerous, larger in size, and more severe in seedlings SO39, SO63, and SO66 compared to SO53, SO56, and SO57 (Figure 2 ). Moreover, a close correlation between the magnitude of the lesions and the number of Xcc cells was seen despite the leaves being inoculated with the same cell concentration. Differences in bacterial Xcc cell concentrations could be seen in the leaves of the sour orange seedlings by 4 days post Xcc infiltration (Figure 3) . Although none of the seedlings were completely resistant to ACC, it was possible to separate the seedlings into two groups, which corresponded with high ROS production or low ROS production, based on the number of cells present 20 days after infiltration (Figure 3) . Leaves averaged 10 Xcc induces the expression of defense genes in seedlings with high ROS levels To examine whether PTI was activated in those seedlings that displayed an increased level of ROS and a decreased level of pathogen, we analyzed the transcript levels of a set of known PTI marker genes. To do so, RT-PCR was performed on RNA isolated from sour orange leaves that had been syringe-infiltrated with either the Xcc pathogen or autoclaved tap water. Overall, the group of seedlings with high ROS production (SO53, SO56, and SO57) showed an increase in the level of transcript of the PTI-related genes in response to the bacterial pathogen Xcc (Figure 4 ). In particular, the genes that showed increased expression were as follows: the PRR LRR8, which is similar to a LRR receptor-like protein kinase in Arabidopsis; the LRR receptor-like protein RLP12, which is associated mainly with disease resistance; [48] [49] [50] and the defense-related gene PR1. Upregulation of these genes suggests that PAMPs from Xcc might be perceived by PRRs in the sour orange seedlings and could trigger the PTI response. Since callose deposition also plays an important role in a plants defense response, it is worth mentioning that the callose synthase gene GSL07 was also induced in seedlings with high ROS (Figure 4) .
DISCUSSION
Although all citrus species are susceptible to citrus canker, previous studies have noted that varying degrees of susceptibility to Screening for citrus canker resistance M Pitino et al Figure 4 . Induction of PTI-related resistance genes in seedlings with high ROS production. The relative quantity of PTI-related genes in SO53, SO56, and SO57 compared to SO39, SO63, and SO66 seedlings at 12 and 24 hours post-infiltration with the Xcc-flg22 peptide. The relative quantity of genes was determined using reverse transcriptase real-time PCR with primers specific for the PR1, LRR8, FLS2, RLP12, and GSL07 genes. Error bars represent the standard deviation of two independent experiments.
Screening for citrus canker resistance M Pitino et al ACC exist, with grapefruit (C. paradisi) being highly susceptible, mandarin (C. reticulata) being moderately resistant, and many species falling in between, such as sour (C. aurantium) and sweet (C. sinensis) oranges, which are considered less susceptible, and pummelo (C. maxima), which is considered susceptible. 7, 8, 31, 51 Results of the ROS assay ( Figure 1 ) paralleled these findings with C. reticulata displaying the highest level of activity (mean 5 509 CPS), C. paradisi (mean 5 112 CPS) one of the lowest levels, and moderate activity levels for C. sinensis (mean 5 155 CPS) and C. aurantium (mean 5 158 CPS). ROS production in seedlings not subjected to Xcc-flg22 was near zero (control), indicating a specificity of the response to the peptide. The secondary cultivated species, C. aurantium, is the result of a cross between the more susceptible species C. maxima and the moderately resistant species C. reticulata. 52, 53 It was chosen for detailed study here because offspring generated from two parents at opposing ends of the ACC resistance/susceptibility spectrum may be more variable in their response to ACC than offspring generated from two susceptible or two resistant parents. In addition, the parent plant of the C. aurantium seedlings had displayed remarkable resistance/tolerance to disease (including both ACC and huanglongbing) over a 7-year period during an ongoing cultivar study (data not shown). Given the segregation of the plant's progeny in regards to ACC resistance (Figures 2 and 3) , we hypothesize the involvement of a genetic component in this resistance.
In citrus, zygote frequency is affected by factors such as the species/variety, genetic and environmental factors, and even nutritional status. [54] [55] [56] [57] Since the seedlings screened for their ability to induce ROS production were grown from random seeds (Figure 1 ), the number of seeds with ROS levels that deviate far from the mean for that species may be reflective of the differences in the number of zygotic seedlings screened for that species; although further experimentation using molecular markers would be needed to establish such a correlation. More importantly, the variation in ROS production also suggests that differences may exist in the perception of flagellin by these seedlings since recognition of PAMPS by the plant initiates some of the earliest basal PTI responses, including an increase in ROS. 28 Previous studies have shown that elicitors such as flagellin can activate PAMP recognition through LRR-RK and a MAP kinase cascade, leading to basal resistance. 58, 59 Induction of defense responses in non-host plants also includes the synthesis and accumulation of ROS. Overall, ROS production plays a dual role in defense since the resulting oxidative burst acts as both an early stress signal and part of the downstream machinery designed to attack invading pathogens. 60 We hypothesized that the high ROS levels in the seedlings correlated with an increase in activation of early defense-response genes related to PTI. Therefore, plants with higher ROS levels would be more resistant to Xcc while those with lower levels would correlate with an increased susceptibility to Xcc, allowing a simple ROS production assay to serve as a screening tool for inherited Xcc resistance in seedlings.
Analysis showed a strong correlation between ROS production and the expression of defense-associated genes in the assayed plants (Figure 4 ). In particular, Xcc inoculation triggered the expression of GSL07, GLUCAN SYNTHASE-LIKE, or CALLOSE SYNTHASE, which functions in callose deposition after injury and pathogen attack. 61 Several LRR receptor-like genes were also upregulated in seedlings with high ROS accumulation including RLP, which was previously associated with disease resistance in plants, 50 and LRR8, a protein kinase shown to be involved in the perception of pathogens through the detection of PAMPs and the initiation of a well-characterized PTI response that includes ROS production, callose deposition, and the induction of other defense-related genes. 26 The expression of the defense-associated gene PR1 was also upregulated in the group of plants with high ROS accumulation post Xcc inoculation. An increase in the expression of PR1 has been reported in Arabidopsis seedlings in response to flg22, 62 although it is interesting that in a previous study comparing gene expression in the citrus canker-resistant genotype 'Nagami' kumquat to the susceptible genotypes 'Duncan' grapefruit, PR1 was downregulated in kumquat even though other defense-related genes and ROS production were shown to increase. 63 Since PR1 expression is related to other factors such as salicylic acid production 64 and systemic acquired resistance, 65, 66 it is possible that the molecular mechanism involved in its regulation differs amongst the citrus relatives.
In addition to increased expression of defense-associated genes, seedlings with high ROS production also showed reduced growth of Xcc (Figure 3) . A divergence could be detected as early as 4 days post inoculation, with the bacteria growing slower on seedlings with increased ROS (SO56, SO53, and SO57) compared to seedlings with lower ROS production (SO39, SO66, and SO63). By day 20, there was a discernible distinction between the two groups. Moreover, seedlings with higher colony forming units (CFUs) clearly displayed the classical leaf symptomology including yellow-haloed lesions and water-soaked margins, while the other seedlings developed only mild symptoms (Figure 2) .
Taken together, seedlings with high ROS production overexpressed defense-associated genes and showed a reduction in bacterial growth after inoculation of Xcc compared to the seedlings with low ROS production. These differences indicate that ROS production induced by Xcc-flg22 is associated with both the induction of defense genes by Xcc and the level of resistance/susceptibility in the citrus genotypes, suggesting that PTI may limit the initial pathogen invasion and multiplication of Xcc. Since susceptible seedlings did not respond to Xcc-flg22 and did not activate the ROS response compared to the more resistant seedlings, differences in PAMP perception by FLS2 may be responsible for the observed variations. Analysis of gene sequences involved in PTI amongst the seedlings could clarify the difference in the PTI response.
Moreover, this analysis reveals that a luminol-based ROS assay can be utilized to rapidly screen citrus seedling for PAMP-elicitation and for the selection of seedling candidates that display resistance to Xcc. This screening technique provides many advantages over other methods used to identify Xcc resistance. For example, the time needed to identify resistant plants is greatly reduced because the need to propagate plants for pathogenicity testing is eliminated and the ROS-based assay can be performed on seedlings, thus eliminating the need to grow the plants to a more mature state. In addition, by substituting the use of live pathogen with a flagellin peptide, testing can be conducted in areas where the pathogen is regulated. Variability may also be minimized since whole plant spray inoculations are dependent upon leaf age at the time of inoculation. Another advantage of the ROS-based assay is that tree weakening resulting from pathogen exposure during testing 39 could be curtailed by the elimination of the live pathogen. Overall, this luminol-based ROS assay represents a rapid and novel method for identifying citrus seedlings less susceptible to early infection by Xcc. Because of the similarities in PAMP-elicitation among different plant species, this technique may be applicable to resistance screening for other flagellin-producing pathogens in other crops.
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